Although individual cells vary in behavior during the formation of tissues, the nature of such variations are largely uncharacterized. Here, we tracked the morphologies and motilities of ∼300 human endothelial cells from an initial dispersed state to the formation of capillary-like structures, distilling the dynamics of tissue morphogenesis into an array of ∼36,000 numerical phenotypes. Quantitative analysis of population averages revealed two previously unidentified phases in which the cells spread before forming connections with neighboring cells and where the microvascular plexus stabilized before spatially reorganizing. Analysis at the single-cell level showed that in contrast to the population-averaged behavior, most cells followed distinct temporal patterns that were not reflected in the bulk average. Interestingly, some of these behavioral patterns correlated to the cells' final structural role within the plexus. Knowledge of how individual cells or groups of cells behave enhances our understanding of how native tissues self-organize and could ultimately enable more precise approaches for engineering tissues and synthesizing multicellular communities.
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vasculogenesis | systems biology | single-cell tracking | multispectral fluorescence microscopy | variability V ariations in the behaviors of individual cells during the morphogenesis of human tissues are likely to be important in shaping the evolution of multicellular structures (1) . Knowledge of how individual cells behave and self-organize in native systems are also important in the design of synthetic systems, such as engineered tissues (1) and complex multicellular communities (2, 3) . By contrast, population-averaged measurements, although widely used, are the end results of a large number of possible underlying statistical distributions and mask critical cell-to-cell variations (4) . For example, the same population-averaged measurement could reflect either all cells behaving close to the average or the sum of many unique cellular behaviors. For the morphogenesis of a human tissue, the extent of cell-to-cell variations has thus far not been systematically studied and is currently largely unknown.
Here, we directly tracked the behavior of every individual primary endothelial cell during the early stages of formation of human microvascular structures. Formation of microvessels is central to the etiology of many diseases (5) and critical for vascularizing newly engineered tissues for regenerative medicine (6) . Formation of new capillaries, the smallest of the microvessels, can take place via vasculogenesis-the de novo formation of vascular networks from dispersed endothelial cells-both during prenatal development and in adults. For nearly three decades, microvasculogenesis has been studied by using well-established in vitro models (7, 8) . In particular, beginning with Folkman and up to recent studies (7, 9, 10) , soft gels such as Matrigel have remained the most well-established in vitro system for controllably studying the initial steps of microvasculogenesis. Endothelial cells on Matrigel undergo tubule formation with mechanisms corresponding to those of native vascular plexus assembly (11, 12) and final structures emulating those observed in vivo (11) (12) (13) .
As such, numerous studies have used phase-contrast microscopy to visualize microvasculogenesis on Matrigel (10, 14) . These studies have provided valuable information on the collective behaviors of the cellular population, but the mechanistic knowledge has largely been qualitative: aggregation of endothelial cells or angioblasts, elongation of cells into cord-like structures, and organization of vascular segments into capillary-like structures (CLS) (15) . Some of these studies have measured geometric properties of the CLS at fixed endpoints (10), including changes of the vascular plexus in response to angiogenic modulators, but such measurements were averaged across the whole cellular population and typically at a fixed end point, rather than by following the dynamic behaviors of individual cells. Hence, there remain critical unanswered questions for understanding the mechanism of how individual endothelial cells evolve over time, whether subpopulations of cells show correlations in behavior, and the statistical distributions of behaviors across the cell population. Information about native cellular behaviors would be useful for tissue engineering and synthetic biology because the programming of the behaviors of individual cells is experimentally tractable and can be manipulated to produce emergent multicellular behavior (3, 16) .
Results
We developed a method to track the positions and morphologies of individual primary human umbilical vein endothelial cells (HUVECs) during microvasculogenesis; this method uses timelapse live-cell fluorescence microscopy followed by automated analysis and manual curation of images ( Fig. 1A and Fig. S1 ). Compared with other single-cell tracking studies (17) (18) (19) , single-cell tracking for tissue morphogenesis posed a number of unique challenges (see SI Materials and Methods for details): (i) hours-long imaging over cells on gels, which contract over the time course of the experiment and interfere with data acquisition; (ii) accurate segmentation of cell-cell boundaries; (iii) complexity of cellular migration trajectories caused by the plethora of cell-cell interactions [via paracrine factors, mechanotransduction, or direct contact (14, 20) ]; and (iv) a large amount of data collection and analysis (21) .
Traditionally, endothelial cells undergoing microvasculogenesis on Matrigel have been monitored with phase-contrast microscopy. Here, we tagged endothelial cells with different fluorescent dyes to enable single-cell tracking, such that the morphology and motility of each cell over every time point could be mapped into a numerical array. Analysis of this dataset revealed the collective behavior of all endothelial cells (i.e., at a population level) over time, as well as the variations in behaviors of each individual endothelial cell over time.
Multispectral Fluorescence Microscopy Enables Accurate Single-Cell
Tracking. Compared with phase-contrast imaging of CLS structures, we found that multispectral fluorescence imaging clearly delineated individual cell boundaries, even in dense cell clusters ( Fig. 1B and Movies S1, S2, and S3). We tracked four phenotypes that described cellular morphology: (i) area, (ii) perimeter, (iii) box ratio (the ratio of length and width of the smallest bounding rectangle of each cell, to indicate the extent to which the cell is elongated), and (iv) maximum radius (the maximum distance between the cell centroid and its boundary, to serve as a more sensitive measure of filopodia formation than box ratio). Cell morphology has been demonstrated to be a sensitive indicator for interactions by endothelial cells with the extracellular environment. For example, changes in the morphology of individual endothelial cells are dramatically more sensitive to hypoxia than to cell number or other common indicators of blood-vessel phenotype (22, 23) . The specific parameters we used to measure cell morphology have also been used to characterize other cell types (e.g., area and box ratio for keratocytes) (21, 24) .
We also tracked another three phenotypes that described cellular motility: (i) displacement (the distance traveled relative to the previous time point), (ii) accumulative distance (the sum of displacements since t = 0), and (iii) displacement vector angle change (the direction of displacement). Previous studies have established the importance of migration of endothelial cells in microvasculogenesis (25, 26) .
Overall, we tracked 125, 183, and 165 cells (in three datasets) at 35 time points, and we analyzed images from 11 time points (starting at t = 0 and analyzing the image every 60 min afterward). This analysis produced a matrix of 36,421 array elements, where each element represented a quantifiable phenotype for one cell at one time point.
Microvasculogenesis Occurs in Five Distinct and Reproducible Phases According to Quantitative Analysis of Collective Multicellular Behavior.
We first studied how the population-averaged phenotypes progressed dynamically over time and whether the changes were statistically reproducible. Quantitative analysis of individual cellular behaviors revealed, at the population level, a carefully orchestrated sequence of subevents ( Fig. 2 shows four key parameters in normalized units, or N.U.; Fig. S2 shows all eight parameters in absolute units):
1. Rearrangement and aggregation, where HUVECs migrated to spatial positions in advance of direct cell-cell contact. Cell displacement ranged from low to high. As cells migrated, they also spread, leading to increases in cell area and perimeter while maintaining relatively round shapes. 2. Spreading, where cells stayed in similar positions but spread. Displacement was small, whereas surface area, perimeter, and box ratio increased consistently. 3. Elongation and formation of cell-cell contacts, where cells elongated with cell area decreasing slightly. An increase in cell displacement as cells from adjacent nodes moved toward each other, coupled with a decrease in cell area that reflected rounding of cells, resulted in elongated protrusions as reflected by an increase in box ratio. 4. Plexus stabilization, with a decrease in cell displacement that reflected stabilization of the formed structure. Cell area and perimeter also decreased, consistent with an increase of thickness of cells (assuming no large changes in cell volumes); an increase in cell thickness was also confirmed by confocal imaging. 5. Plexus reorganization. After the initial structure of the plexus took shape, displacement exhibited a sharp increase to its maximum, whereas perimeter and area decreased gradually. These changes reflected a reorganization of polygonal structures in the vascular plexus and continued until the end of the assay. (Over extended periods of time, regression of the plexus is known to occur.)
These population-level trends were quantitatively reproducible among the three independent trials (see Fig. S2D and Movie S4, showing images over all five phases; the minimum number of cells required to represent the population-level behavior is shown in Fig. S3 ).
Behaviors of Most Endothelial Cells Follow a Handful of Unique
Patterns. Although useful, such dynamic bulk averages (reflecting the evolution of the multicellular population) can arise from a myriad of underlying distributions of individual cellular behaviors (4). We examined next whether there existed subgroups of endothelial cells that exhibited similar behavioral dynamics and how closely correlated such dynamics are to the population averages. We used a correlation clustering algorithm, which determines membership in a cluster based on pairwise comparisons (27) ; here, cells can be represented as vertices on a graph, with correlations (i.e., if Pearson's correlation coefficient of the phenotype values at different time points for the first cell vs. those for the second cell exceeded 0.6) represented as edges (Fig. 3A and Fig. S4A ). We identified multiple dominant patterns of dynamic behavior for each phenotype, which were reproducible across different independent datasets (Fig. S5) . We could group ∼60-70% of cells into only three distinct clusters of dynamic behavior with respect to cell area (Fig. 3B) . Similarly, analysis of three other phenotypes (displacement, box ratio, and perimeter) also grouped 60-70% of cells into three major clusters of phenotypic behavior (see Fig. 4A ). We could also identify four "classes" of morphological behaviors, where each class exhibited the same dynamic behaviors in both degree of cell spreading (cell area) and branching morphology (box ratio). The four classes represented the behaviors of more than half (51%) of the cell population (Fig. S6B) . Hence, the dynamic behaviors of most endothelial cells followed a small number of distinct patterns.
Cells in Superficially Similar Microenvironments Diverge in Behaviors
and Fates. To interpret the significance of such dynamic patterns, we tracked the behaviors of these cell clusters in Movies S1, S2, S3, S4, and S5 over the time course of tissue morphogenesis. Through segmentation of images, where cells were false-colored according to their cluster membership (Fig. 3C) , the images showed how individual HUVECs, while appearing to reside initially in superficially similar microenvironments, diverged into distinct temporal patterns of cellular behaviors (Fig. 3C, Fig. S6A , and Movie S5). The first and third most populated cell clusters, for example, all spread quickly but then shrank in size; ultimately, in the final plexus structure, they assumed the structural role of connection points (nodes) for multiple CLS (Fig. 3C) . By contrast, cells in the second most populated cluster, which were generally the midrange-size cells in their immediate vicinity, typically formed the branches in the final plexus structure.
We further characterized the relationship between the behavioral dynamics of each cell and their structural role in the CLS. We classified all endothelial cells in the final plexus structure as either nodes (38% of cells) or branches (62% of cells) (Fig. 4C) . The strongest correlation was observed when clustered by changes in displacement (Fig. 4A) . Here, 67% of the cells in the first cluster (whose displacements peaked at around t = 240 min) formed nodes (Fig. 4D) ; hence, the migratory dynamics of subpopulations of cells could be correlated to their structural role in the final plexus.
Initial Inhibition of Myosin II Changed Subsequent Displacement
Dynamics and Fates. In addition to the internal cytoskeletal machinery (28) , endothelial cells can make use of other motility mechanisms, such as coordinated movement through neighboring cells (29, 30) . We investigated whether individual cells can be biased toward one set of behavioral dynamics vs. another set by initially limiting the role of active cytoskeletal machinery. We mixed together a population of untreated endothelial cells with endothelial cells whose ability to form stress fibers and/or focal adhesions was initially disrupted (via direct inhibition of active myosin II via blebbistatin as well as inhibition of Rho-associated kinase (ROCK) via Y-27632; Fig. S7 ). As observed previously (31), the drug-treated cells could still change cell shape by forming filopodia and lamellipodia. Like the native population (Fig. 4A) , a cell cluster emerged with a displacement curve peak at around t = 240 min (Fig. 4E Left) . Interestingly, in this 50:50 mixture of drug-treated and untreated cells, most cells in this cluster were drug-treated, and most cells with these migratory dynamics (∼80% in this case) again formed nodes in the final plexus, just like the native population. We note that cell-cell connections were beginning to be formed already when these cells began migrating (i.e., displacement is increasing during the "elongation" phase identified from Fig. 2) ; hence, coordinated movement was an available option for these cells. By contrast, another highly populated cell cluster that migrated quickly in the initial minutes consisted mainly of untreated cells and subsequently formed mostly branch structures.
Cellular Behavior Can Exhibit Large Variations with Different Types of
Distributions. The variations observed for some phenotypes (which ranged from 20% to 120% relative to mean values; Fig. 5A ) are higher than those observed in other biological processes, such as gene expression [which exhibited up to ∼60% variation relative to average population behavior (32) ]. This comparison possibly reflects the complexity of cell-cell interactions and the diversity of phenotypic behaviors needed to form a multicellular tissue. The extent of variations also fluctuated over time: over the first phase of microvasculogenesis (aggregation), variations in displacement were large but rapidly decreased because most HUVECs settled into position for cell-cell networking. For other phenotypes (such as box ratio and perimeter), initial fluctuations among the cell population were relatively small but increased over the ∼60 min of the aggregation phase.
Different underlying distributions of phenotypes can give rise to the observed variability (Fig. S8) . We plotted how two different phenotypes describing cell morphology were distributed across the population. For example, histograms enumerating cells with different cell areas showed that the endothelial cells tended to spread over time and then retract, maintaining either relatively unimodal or uniform distributions at all times (Fig. 5C  Left) . By contrast, histograms of box ratio values showed initially Poisson-type distribution, then relatively uniform distribution at t = 120 min, and finally bimodal distribution at the end of the assay (Fig. 5C Right) . Although both phenotypes were derived from cellular morphology, they exhibited different statistical distributions throughout the time course.
Studies on other cell types have indicated that individual cellular variability over time is often less than the variability in the population (24) . To examine how much a given cell varies during the process of microvasculogenesis, we examined the variability of individual cell areas across all time points (Fig. 5B) . We found that, for cell area, most cells varied less over time than the population variability. (We obtained similar results for perimeter and displacement.) We also observed that some cells tend to exhibit very similar behavior over all time points (e.g., cell no. 104, which exhibited a small cell area), others vary within a range, whereas others adopt entirely different sets of behavior (e.g., cell no. 126, which was quite round or very elongated), depending on the stage of microvasculogenesis (Fig. 5D ). These trends reflect the different types of variability that can take place because some cells exhibited changes within a range of bounded values, whereas others transitioned among different states altogether.
Finally, we note that the trends of the population averages were dominated by the behavior of only ∼30-40% of cells and masked the behaviors of most cells in the population (displacement is shown in Fig. 4 A and B 
Discussion
Mechanism of Microvasculogenesis. Our method for tracking the behaviors of individual cells during tissue morphogenesis was useful both at the population level, where the dynamics of the collective population could be precisely quantified, as well as at the single-cell level, which highlighted the differences in behavior among individual cells. In our initial application of this method to studying the mechanism of microvasculogenesis, this method has provided, at the population level, additional granularity about how a system of endothelial cells form microvessels (33) . For example, our observed sequence of events agrees with previous studies in which endothelial cells exhibited significant displacement before starting to elongate (14, 15) ; in an in vivo study, endothelial cells also migrated into distinct spatial regions before undergoing morphological changes and vascular development (33) . Our analysis is also consistent with studies that identified a period in which the vascular plexus underwent a slight deformation after formation (14) . On the other hand, the second observed phase of cell spreading (where the cells spread while exhibiting minimal movement, presumably forming filopodia and lamellipodia, before elongating to form cell-cell contacts) and the fourth observed phase of plexus stabilization (a distinct period where the plexus stabilizes before it rearranges) have not been identified as discrete events to our knowledge (14, 15, 34, 35) .
This high-resolution decomposition of phases could be useful for identifying unestablished mechanisms of key growth factors and angiogenic-modulating drugs (such as VEGF and VEGF inhibitors). It may also facilitate the discovery of new clinically useful angiogenic modulatory agents (both pro-and anti-) because the effect on each specific phase could be differentially measured by using the time-lapse imaging.
This study also provided quantitative details on how individual endothelial cells vary from one another in behavior. Heterogeneity in the phenotypes of endothelial cells have been identified in some cases, such as the distinct behavior of tip vs. stalk cells in angiogenesis (36) , as well as in endothelial cells from different sites of human microvasculature (37) . This study helps to reveal how heterogeneity in cellular behaviors are manifested within a single plexus of presumably clonal capillary precursors on the same gel, in the absence of hemodynamically induced remodeling. For example, there existed a subpopulation of cells that exhibited similar displacement dynamics (with migration peaking at t = 240 min) and were biased toward forming nodes in the final plexus (Fig. 4) . Moreover, we observed that, upon initial inhibition of myosin II, most cells in the t = 240 min cluster were drug-treated whereas most cells in the t = 0 min cluster were untreated, although the cells in the general population were evenly divided into drug-treated and untreated groups. Hence, the initial inhibition of cytoskeletal machinery appeared to bias the cells' migration behavior away from peaking at t = 0 min and toward peaking at t = 240 min. Again, in this 50:50 mixture of drugtreated and untreated cells, most cells with maximum migration at t = 240 min served as nodes in the final plexus, whereas cells that migrated strongly initially mostly formed branch structures. One interpretation is that, if active migration was available, endothelial cells may prefer to form branch cells structures in the final plexus; otherwise, they may migrate later (when cell-cell connections will have formed to enable coordinated movement) and ultimately form node structures.
The sources that drive the differences in cellular behaviors could be stochastic, as have been observed as driving biological variations in other systems (32) . Differences in the microenvironments around the endothelial cells could also drive different behaviors: for example, differences in local gradients or concentrations of VEGF (a growth factor that endothelial cells themselves secrete) have been shown to induce chemotaxis (14) , and local differences in stiffness of the substrate (as little as 100 Pa) can result in differences in gene expression (such as VEGFR2) and subsequent vascular development (38) . Clonal endothelial cells have also been shown to exhibit epigenetic variations (39) . We also note that, in vivo [showing similar behavior of microvasculogenesis as some studies of HUVECs in soft gels (40) ], there exist additional sources of cellto-cell variations attributable to variations in types and densities of neighboring cells (such as pericytes), compositions of local extracellular matrix, and vascular or interstitial flow.
Means and Variations of Cellular Phenotypes. We observed a handful of distinct behaviors exhibited by most, but not all, cells. Interestingly, cells that exhibited a defined behavioral pattern in one phenotype (e.g., cell area) did not necessarily share the same dynamics for other phenotypes (e.g., box ratio). This result can be interpreted with previous findings that different gross morphological phenotypes are the results of varying and complex sets of molecular mechanisms (24) ; for example, although actin distribution has been shown to account for the cell radius and aspect ratio, it does not necessarily account for other observed morphological parameters (24) . Therefore, if some but not all molecular mechanisms match, some cells could correlate with each other based on one gross phenotype but not necessarily across all phenotypes.
The manner in which phenotypes are distributed across a cellular population, or in a single cell across time, provided some interesting insights. Histograms of phenotypes across a population or across time (Fig. 4) showed that variation resulted from either a widening of a Gaussian-like distribution or multimodal behavior where multiple distinct behaviors (but not the intermediate phenotypes) were being populated. The latter case may reflect the cells' undergoing occupation of distinct states (for example, in switching from a round motile state to an elongated state).
This study could also help quantitate the expected cell-to-cell variations within commonly used population-wide measurements, including bulk analytical measurements (such as protein expression) and morphological parameters such as average branch length, number of branches, number of nodes, or CLS area (34) for Matrigel assays. Moreover, because genetic knockdowns or pharmacological agents are often applied broadly across a cell population, this study will aid the interpretation of such perturbations by establishing the native cell-to-cell variations in behavior.
Conclusion
We have presented a method that tracks the morphologies and motilities of individual cells during the time course of forming a tissue on a 3D gel. As a first biological system, we applied this method to studying how a community of endothelial cells forms microvessels (see Fig. S10 for details) . At the population level, this method quantified how a system of cells evolves collectively over time and led to the identification of previously unobserved phases. At the singlecell level, this method showed the degree of variations in behavior within a clonal cell population and correlated the specific dynamic patterns in behavior with the cell's final structural role in the tissue. In the future, improved understanding of how individual cells behave relative to the population-averaged behaviors could lead to improved engineering and synthesis of multicellular tissues and communities.
Materials and Methods
We seeded primary HUVECs on a Matrigel (BD Biosciences) molded to form a flat-top surface, and we collected data with live-cell imaging. We performed quantitative analysis on images and extracted the morphology and motility phenotypes for every cell. One-way ANOVA showed that cellular behaviors across three independent trials were not significantly different. We adapted a correlation clustering algorithm based on pairwise comparisons to identify cells with similar temporal dynamics. Details of methods are provided in SI Materials and Methods.
